Although solid state batteries are an alternative to conventional batteries, they generally produce low power due to their poor ionic conductivity. This study tested the ionic conductivities of powdered potassium sodium tartrate (PST) and potassium aluminum sulfate (PAS), two double salts that have garnered attention as potential solid state electrolytes by producing functioning cells. The substances were hypothesized to have abnormally high conductivities. Conductivity was measured using electrical impedance spectroscopy on an Arduino UNO (12bit DAC, 10 bit ADC). The results indicated that the double salts had indeed high conductivities for an ionic crystal at (5.6 X 10 -5 ± 6 X 10 -6 ) / for PST and (7.8 X 10 -6 ± 9 X 10 -7 ) for PAS. The 3 other materials tested all produced similar values. Furthermore, one of the materials tested which produced a high conductivity value, sodium chloride, has a documented conductivity of 10 -12 . The high conductivities, as well as the discrepancy between the measured and documented conductivities of sodium chloride were attributed to the powder form of the materials. Caking may have occurred and increased conductivity by increasing defect concentration as well as by creating moisture channels through which free ions could flow. These results have vast implications on the potential of solid state electrolytes if a powdered electrolyte material may be successfully applied to existing fast ion conductors instead of insulators such as sodium chloride.
INTRODUCTION
Research into portable energy storage is becoming increasingly important due to the growing use of electronic devices around the world. 1 With current technologies barely satisfying demands, an issue notably seen in electric cars, the need for batteries with heightened performance can only increase in the future. 2 Many alternatives to conventional alkaline and lithium ion batteries have been proposed, the most prominent of which is the solid state battery (SSB). Currently under research in 2015 at MIT and Samsung, a SSB possesses a solid electrolyte without a solvent. 3 These proposed electrochemical cells possess many advantages over conventional batteries, such as increased safety, wider operating temperature ranges, and lower self-discharge levels. 4 However, current SSBs suffer from many disadvantages that limit their mainstream use. Conventionally, the exchange of ions in the electrolyte between the electrodes is achieved through free ions in the solution. However, the ions in the electrolyte of a SSB are bound at fixed points. Ionic conduction, the transfer of ions, must instead be achieved through vacancy-creating defects present in the crystal lattice. These vacancies facilitate the movement of charge, albeit at a slow rate. Thus, SSBs generally fall under the low power category. Even the high conductivities of fast ion conductors such as beta alumina are still dwarfed by those of liquid electrolytes. 6 If a solid electrolyte material with a sufficiently high ionic conductivity is found, SSBs may become the batteries of the future.
It has been suggested by many amateur sources that two viable electrolyte materials are solid potassium sodium tartrate (PST) and potassium aluminum sulfate (PAS). 7 Although variations exist, a common technique is to implement the two ionic crystals as a compacted powder. However, testing regarding the potential scientific merit of these electrolyte materials has not been exhaustive. The documented ionic conductivities of relatively simple structure ionic crystals similar to PST and PAS such as sodium chloride are low and should not allow for a viable electrolyte. 8 Despite this, many amateur experiments indicate that the crystal battery can produce enough power to run a small motor. The purpose of this study is to investigate the ionic conductivities of these two materials in order to determine their potential as solid state electrolytes for mainstream use. Ionic crystals of similar structure such as magnesium sulfate heptahydrate (MS), aluminum sulfate hexadecahydrate/octadecahydrate (AS), and sodium chloride (NaCl) were also studied. Both PST and PAS are double salts instead of simpler crystals such as NaCl. Like current fast ion conductors with complex structures such as La 2 Mo 2 O 9 and Li 7 La 3 Zr 2 O 12 , their structure is composed of more than two types of atoms. 9, 10 It was hypothesized that PST and PAS would produce a higher ionic conductivity than would otherwise be expected for an ionic crystal.
Many properties of a substance can be measured through EIS, electrical impedance spectroscopy. EIS measures properties of a substance by applying an alternating current and observing the responding voltage (or vice versa). 11 Conductivity is derived from the amplitudes of the applied voltage/current and the return voltage/current.
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MATERIALS AND METHOD
Preparation of Crystal Powders
Five ionic salts in large grains were studied: magnesium sulfate heptahydrate (MS), potassium aluminum sulfate dodecahydrate (PAS), aluminum sulfate hexadecahydrate/octadecahydrate (AS), potassium sodium tartrate tetrahydrate (PST), and sodium chloride (NaCl). A mortar and pestle combined with a 1mm sieve was used to create fine granules of approximately 1mm in diameter.
Measurement Cell
The measurement cell was constructed from a ¾ inch PVC coupling with a ¾ inch copper end cap epoxied at one end ( Figure 1 ). The crystal powders were poured into the coupling and pressured was applied via a table vice to another copper end cap placed over the hole. Wires were attached to the end caps leading to the measurement circuit.
Electrical Impedance Spectroscopy
The basis of the EIS measurement device was the Arduino UNO. The MCP4725 DAC was used to generate the sine wave. A LM324N was used to amplify and level shift the 5 Vpp DC sine wave up to a 10 Vpp AC sine wave which was then applied to the measurement cell ( Figure 2 ). The resistance was determined by creating a voltage divider and using the following equation (Figure 3 ).
V1 and V2 represents the amplitude of the applied and output voltage obtained through sinusoidal regression using the TI-Nspire TM student software. The output voltage of the divider was obtained through the Arduino's analogRead() function. The frequency of the applied signal, chosen to be 100Hz, was set using the Arduino's time library. Data was sent to the computer via serial and displayed using the TeraTerm serial terminal.
Slope Analysis
Multiple trials were performed for each material with varying amounts of powder. As stated by Pouillet's law, a linear relationship exists between the amount of powder used (expressed in the distance between the electrodes (l)) and the measured resistance (R).
The resistivity of the crystal powder being tested (⍴) was obtained by multiplying the cross sectional area of the measurement cell by the slope of the linear regression of the multiple trials. Regression was performed in Graphpad Prism 6.
RESULTS
Qualitative Results
After each trial, the powdered crystal was observed to coalesce into a ceramic like consistency. A thin film of the crystal powder was seen adhering to the copper end caps.
Output Plots of Voltage Divider
The voltage signal from the voltage divider for each test was graphed in Microsoft Excel. Although each material received between 10 to 36 measurements, only 3 of each (smallest measurement value, intermediate measurement value, and largest measurement value) are shown to display the trend as more crystal powder was used during the trial (Figures 4-8 ).
Fourier Analysis
The sinusoidal plots of AS, PST, and MS revealed distortions that were most apparent in the tests when the most powder was used. A discrete fourier transform in Microsoft Excel was done for each of these tests. The output voltage signal from all 5 substances produced most of its amplitude at 100 Hz (frequency of applied voltage). However, a noticeable portion of the amplitude produced by the output voltage signals of MS, AS, and PST were from a frequency of around 65 Hz (Figure 9 ).
Ionic Conductivity from Slope Analysis
The linearity of the relation between the distance between the electrodes and the resistance measured is shown in the following table ( Figure  10 ). The experimental conductivity values are also shown (Table 1 ). Another plot is displayed with the documented ionic conductivities values of solid NaCl and 5% sulfuric acid as references ( Figure 11 ).
DISCUSSION
Given that solid sodium chloride's documented ionic conductivity is 10 -12 , the measured ionic conductivities of PST and PAS are well above the expected value for an ionic crystal at (5.6 X 10 -5 ± 6 X 10 -6 ) for PST and (7.8 X 10 -6 ± 9 X 10 -7 ) for PAS. 6 These values would suggest that the hypothesis is true if it weren't for the results of the other materials. The other 3 materials tested, which are not double salts, also produced similar ionic conductivity values. 
Schematic of EIS circuit. The electrodes label lead to the measurement cell
Figure 3:
Voltage divider created in the EIS circuit There are certain limitations to this study. Firstly, the pressure applied to the measurement cell through the table vice was not standardized. Furthermore, although the high ionic conductivity values for the electrolyte materials measured may be dismissed as anomalies, the discrepancy between the measured ionic conductivity for sodium chloride and its documented conductivity cannot. This difference may be explained through measurement error as the EIS device was based around an Arduino UNO, not a more dedicated device. In addition, the discrete fourier transform indicated that the MCP4725 coupled with the LM324N IC may not have been precise enough at generating the 100 Hz sine wave as no other frequencies should be shown. However, measurement error can be dismissed as the measurement cell was calibrated beforehand with a 1500kΩ resistor (as shown in figure 10 , similar to the individually measured resistance values of the electrolyte materials). The difference between the measured value for the resistor and the indicated values by the resistor bands were well below the 5% manufacture tolerance level. Therefore, the results strongly suggest that the high conductivity values arose from the measurement method itself and not from the materials being measured.
Figure 4:
Output voltage signal for varying amounts of MS over 10 cycles with a 331kΩ voltage dividing resistor (lengths refer to the various distances between the electrodes)
Figure 5:
Output voltage signal for varying amounts of AS over 10 cycles with a 1490kΩ voltage dividing resistor (lengths refer to the various distances between the electrodes)
Figure 6:
Output voltage signal for varying amounts of PAS over 10 cycles with a 1490kΩ voltage dividing resistor (lengths refer to the various distances between the electrodes)
Figure 7:
Output voltage signal for varying amounts of PST over 10 cycles with a 331kΩ voltage dividing resistor (lengths refer to the various distances between the electrodes)
Figure 8:
Output voltage signal for varying amounts of NaCl over 10 cycles with a 1490kΩ voltage dividing resistor (lengths refer to the various distances between the electrodes)
In the experiment, the solid crystal of the materials was not measured. Instead, each electrolyte material was processed into a fine powder. A mechanism for why the powder form of the electrolyte materials produced such high ionic conductivity values may be found in the phenomenon of caking. Caking occurs when a powder clumps together as opposed to flowing smoothly like it normally would. Although Van der Waals forces have a small influence, caking occurs primarily because of the formation of crystal bridges. 15 In the event caking took place in the measurement cell, moisture present on the surface of the particles due to the hygroscopic nature of ionic crystals would have dissolved small quantities of the particles. These small quantities of crystal would have then re-solidified onto neighboring particles. As a result, the particles would have adhered together to form an amorphous mass. Two possibilities are presented to explain how this process resulted in an abnormally high ionic conductivity. Firstly, by caking the powder, defects could have been created in the crystal as the crystal lattice, although unified, now greatly lacks a widespread structural order. Secondly, the moisture present in the powder could have been sufficient enough as to create "channels" that contained free ions, which allowed for the conduction of charges. While both possibilities are seemingly viable, further testing is required to confirm either one or the other.
CONCLUSION AND FUTURE DIRECTIONS
In this paper, caking of the electrolyte materials is presented as a possible explanation for the high ionic conductivity measurements of not only PST and PAS, but also MS, AS, and NaCl . In addition, if the explanation is validated, then caking may explain the observations reported by the amateur experiments mentioned previously in the introduction.
Further testing is required to more thoroughly examine potential downsides to this method of utilizing the crystal electrolytes as a powder. Additionally, had caking been the cause of the high ionic conductivity values, the experimental setup would not function with electrolyte materials whose solubility rates are not sufficiently high to create crystal bridges. Some advantages over conventional alkaline and lithium ion batteries may also be lost if caking occurred as the battery cannot be classified as a true SSB due to its small moisture content.
Further validation is required with more sophisticated EIS devices. These results may have important implications if the concept of a powdered electrolyte material could be applied to existing fast ion conductors, which currently implement a thin film design. If the experimental methodology is able to increase the conductivity of NaCl by 6-7 orders of magnitudes, then it is likely to have a noticeable impact on existing fast ion conductors such as beta alumina. 
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